Three-dimensional counter-diffractometer data and a full-matrix least-squares method have been used to refine the crystal structure of a sub-silicic hastingsite in the space group C2/rn. The chemical composition of the amphibole is Na~.95K~.a~Cax.~4(Mg1.17Fe~+7Mn~.~4Ti~.39Fe~9A~.5~)Si5.2~A~2.~3~22.5~(~H)x.a4 with ceil parameters a = 9"8659(4), b = I8"OI39(8), c = 5'3545(2)-&, and fi = IO5O82(1) ~ Unit weights were used throughout the refinement and the final R-factor for 1263 observed non-equivalent reflections was 4'1%. The mean tetrahcdral bond length for aluminous amphiboles varies linearly with the total amount of tetrahedral A1. Curves are derived relating individual mean bond lengths with A1 occupancy. The positional disorder on the A-site of the aluminous amphiboles appears to be partly related to the amount of substitution of A1 into the T(2) tetrahedron.
group was adopted. Unit-cell parameters were determined by a least-squares method from reflections collected on a 4-circle single-crystal diffractometer. These are presented in Table I together with the unit cell contents and other information pertinent to data collection and refinement.
Intensity data. A euhedral cleavage fragment was mounted on a Syntex Pi-4 circle X-ray diffractometer and exposed to graphite-monochromated Mo-K, radiation. The resulting diffraction intensities were measured using a scintillation counter and the 0-20 scan method. All reflections in one asymmetric unit were collected out to a maximum 20 of 65 ~ Two standard reflections were measured after every fifty reflections and their intensities were found to be constant throughout the data collection period. The data were corrected for absorption using an eight point Gaussian quadrature procedure, also for background and Lorenz and polarization effects; equivalent reflections were then averaged to produce an asymmetric set. The resulting Fs were classed as observed if their magnitude was greater than four standard deviations based on counting statistics. Of the 1826 reflections collected 1263 unique reflections were designated as being observed and used in the refinement.
Refinement of the structure.
In what follows scaling of the observed data was accomplished through a scale factor that was included as a parameter in the refinement and allowed to vary at all times. Also, where not stated, all computer programs used are from X-ray 73, Program System for X-ray Crystallography, by J. M. Stewart, University of Maryland, adapted by H. D.
Grundy for the CDC64oo. Copies of intensity data are available from the authors. Initial positional parameters and isotropic temperature factors were those of ferrotschermakite (Hawthorne and Grundy, I973a) ; atomic scattering factors for neutral atoms were taken from Doyle and Turner (I968).
A full matrix least-squares refinement was made by varying the atomic positions, the isotropic temperature factors, and also the occupancies of the octahedral sites. The refinement converged at an R-factor (R = ElFo-F~[/E]Fo] ) of 7"7 %. Fourier and difference-Fourier maps made at this stage showed a partially disordered A site consistent with previous work on the clino-amphiboles (Hawthorne and Grundy, I972, I973a, b) . Split positional parameters were read from the Fourier maps and included in the refinement in place of the current A site parameters. Subsequent refinement of all parameters resulted in an R-factor of 6"3 ~o and a reduction in the weighted R factor (R w = ~w(lFol-IFcl)~/XlFolL w = i) from 7"7 % to 6'4 %.
The temperature factors were then converted to the anistropic form exp{--i~l~=lh, hJfl~J } and further cycles of refinement resulted in convergence at an R-factor of 4'7 ~o. At this stage, the refinement was continued using the least-squares program RFINE (Finger, I969a, b) , which allowed the sum of the site chemistries to be constrained to the chemical analysis (Table  13 . Because of the chemical complexity of most clino-amphiboles, not all site-occupancies of cations can be refined. Some chemical species must be assigned to sites on the basis of crystalchemical criteria and previous experience; the criteria used here have been discussed previously (Hawthorne and Grundy, I973a) . All Ca 2+ was assigned to M(4) together with the excess octahedral cations; the remaining fraction of the M(4) site was assigned to Na § All Ti and octahedral A1 z+ was assigned to the M(2) site. Na + and K § in the A-sites were combined and expressed as Na; Fe 2+, Fe z+, and Mn 2 § were combined and expressed as neutral Fe; initial tetrahedral A1 occupancies were calculated by method 2 of Papike, Ross, and Clark (I969). The distribution of Mg-Fe over the octahedral sites, the distribution of Na over the A-sites, and the distribution of A1-Si over the T-sites were then refined using the bulk chemical constraints. An isotropic extinction correction (Zachariasen, I968) was also included with the extinction coefficient as a variable in the refinement (Larson, 1967) . Further cycles of refinement, gradually increasing the number of variables, resulted in convergence at an R-factor of 4"1% and an R~-factor (unit weights) of 4"4 %. The final positional parameters and equivalent isotropic temperature factors are presented in Table II . Interatomic distances and angles were calculated using the program ERRORS (L. W. Finger, personal communication) and are given in Tables III and IV . Final anisotropic temperature factor coefficients are given in Table V (available from the authors) and the magnitude and orientation of the principal axes of the thermal ellipsoids are given in Table VI (also available from the authors). 
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Discussion
The basic features of the clino-amphibole structure are well known and have been discussed in detail elsewhere (Whittaker, 196o; Papike, Ross, and Clark, 1969; Papike and Ross, 197o ) . The site-nomenclature used in Tables III to VI and inthe following discussion is that of Papike, Ross, and Clark (I969).
The distribution of tetrahedral AI. Due to the marginal difference in the atomic scattering factors of A1 and Si, the relevant normal equations of the design matrix are sub-parallel and extreme correlations occur between the site-populations, which in turn results in extremely large standard deviations for the refined populations. In addition, the resolution of the ordering is extremely dependent on the elimination of systematic errors in the intensity data. Thus it is desirable to be able to assign A1 iv occupancies by an alternative method. Because of the difference in ionic radius between {AlZ+} iv and {Si4+} iv, the variation in mean tetrahedral bond (8) A(m)-O(6) z 3"51o(14) A-O(7) z 3"775(6) A(2)-O(7) 2 2'519 (6) A(m)-O(7) x 2-5o1(15) Mean for12 3"099 A(2)-O(7) 2 3"785 (8) A ( 
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3'256 (1) A (2) The superscript notation refers to oxygen with an x coordinate greater (u) or less (d) than the x coordinate of M.
length is usually considered to be a good method for determining the A1/Si occupancy (Smith, I954). On this basis, Papike, Ross, and Clark (1969) developed three methods of assigning tetrahedral site-occupancies in amphiboles, of which 'method z' has been the most successful. However, increase in the amount of data available has revealed inadequacies in this procedure and a new treatment of this problem is warranted. Fig. I shows the variation in mean T-O distance (i.e. (T-O)) with the total amount of A1 iv for the clinoamphiboles listed in Table VII . With the exception of the Kakanui hornblende, the trend is linear. A simple linear regression analysis was made (omitting Kakanui hornblende) and the results are given in fig. I . Amphiboles with a high richterite component will probably deviate from this relationship because of the increase in mean anion coordination number of the tetrahedra at low A1 concentrations. However, this is not the case for the 
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The superscript notation refers to oxygen with an x coordinate greater (u) or less (d) than that of M. Kakanui hornblende; in addition, the tetrahedral distortions are similar to those of the other amphiboles, and thus the reason for its departure from the linear relationship remains obscure.
Because of the difficulties mentioned above, it was considered desirable to derive bond length v. Al-occupancy curves for the individual tetrahedra that were not based on the refined sitepopulations. In order to do this, it is necessary to make certain assumptions concerning the effect of variable A1 occupancy on the mean bond lengths. In this study, it is assumed that the slopes of the curves relating individual mean bond length to A1 occupancy are identical to Robinson (t97I) Hawthorne and Grundy (1973a) In preparation Hawthorne and Grundy (I973b) This study Hawthorne and Grundy (1976) Papike, Ross, and Clark (I969); Robinson The values forecast from these equations are listed in Table VII where they are compared with the values refined or assigned during structure refinement.
Of particular interest are the results for the sub-silicic hastingsite. The T(I) site is almost exactly half-filled with A1, with the 'excess' A1 substituting into the T(2) site. Thus it appears that the A1 avoidance rule does limit the maximum amount of A1 able to substitute into the T(I) site. Potentially, this rule also imposes the same limit on the/'(2) site, but it is apparent that another mechanism controls this substitution long before the avoidance rule becomes applicable.
The tetrahedral chain configuration. It was shown in a previous paper (Hawthorne and Grundy, I973b) (Table IV) corresponds to this apparent minimum, and thus the increased misfit between the double-chain and octahedral strip elements of the structure must be accommodated elsewhere.
An inspection of the cell dimensions of the amphiboles in Table VII shows that commensurate with its high A1 iv, the sub-silicic hastingsite has the largest c dimension, the smallest b dimension and also a comparatively small a dimension. The amounts of Fe ~+ and Mg in ferrotschermakite, ferrohastingsite, and sub-silicic hastingsite are very similar, and thus the b dimension should be proportional to the mean ionic radius of the cations substituting into the M(2) site (Colville, Ernst, and Gilbert, I966) . The values for this parameter and the b dimensions are: Ferrotschermakite, o'579A, b I8.Io6A; sub-silicic hastingsite, o-633A, b I8.oI4~; ferrohastingsite, o'669A, b 18"~34A.
It can be seen that the b dimensions do not follow the same sequence. Inspection of the (M(2)-O) bond lengths shows that the value for the sub-silicic hastingsite is anomalously low. It appears that in order to articulate with the tetrahedral double chain, the octahedral strip has contracted in the b (and a) directions and extended in the c-direction.
The octahedral sites. In general, the mean octahedral bond lengths in the clinoamphiboles reflect the chemistry of their constituent cations (anions). However, this is not the case with the sub-silicic hastingsite, particularly with respect to the M(2) site. Regression equations developed for the octahedral sites (in preparation) forecast an ~M(2)-O) distance of 2.o2iA with a standard error of estimate of o.oo5/~; this compares with the observed value of 1.98o(2)A. Due to the magnitude of tile anomaly, it was thought pertinent to check the possibility of systematic errors in the data; in particular that the crystal used in the initial collection of the data was truly representative of the chemical analysis. In order to accomplish this, data was collected from another crystal and the refinement repeated. The resulting parameters were compared with those previously determined using the half-normal-probability method (Abrahams and Keve, 1971; Hamilton and Abrahams, 1972) . No significant difference was found between the two sets; the analysis also showed (Abrahams, I972) that the standard deviations assigned to the data were of the correct magnitude.
As there was no obvious systematic error, the short mean bond length at M(2) may be rationalized by a brief qualitative consideration of the bond strengths in this part of the structure. Substitution of significant amounts of A1 into the T(2) tetrahedron increases the formal charge imbalance at the 0(4 ) anion; to compensate for this effect, the bond lengths to 0(4) must shorten. However, as the bonds to O(I) and 0(2) cannot lengthen due to the bond strength requirements of these anions, an overall contraction of the bond lengths on the M(2) site occurs relative to that expected for the actual size of the constituent cations. The contraction of M(z)-O(4) produces the small b dimension observed for this amphibole.
The A-site. Distinct from all the previous amphiboles that have been refined, the sub-silicic hastingsite shows the site preference A(2) > A(m) for the electron density on the A site. Since the actual site populations cannot be derived from X-ray measurements, the exact mechanism controlling this ordering is not apparent. However, in those amphiboles so far examined (Hawthorne and Grundy, I973a, b, this study, and in preparation) , increase in the A1 on the T(2) site is accompanied by a relative increase in the electron density at the A(2) site. This has the effect of compensating for the decrease in bond strength supplied to the bridging anions 0(5 ) and 0(6) by the T(2) cations.
